Although multiple vaccine strategy for lymphatic filariasis has provided tremendous hope, the choice of antigens used in combination has determined its success in the previous studies. Multiple antigens comprising key vaccine candidates from different life cycle stages would provide a promising strategy if the antigenic combination is chosen by careful screening. In order to analyze one such combination, we have used a chimeric construct carrying the well studied B. malayi antigens thioredoxin (BmTRX) and venom allergen homologue (BmVAH) as a fusion protein (TV) and evaluated its immune responses in mice model. The efficacy of fusion protein vaccine was explored in comparison with the single antigen vaccines and their cocktail. In mice, TV induced significantly high antibody titer of 1,28,000 compared to cocktail vaccine TRX+VAH (50,000) and single antigen vaccine TRX (16,000) or VAH (50,000). Furthermore, TV elicited higher level of cellular proliferative response together with elevated levels of IFN-γ, IL-4 and IL-5 indicating a Th1/Th2 balanced response. The isotype antibody profile showed significantly high level of IgG1 and IgG2b confirming the balanced response elicited by TV. Immunization with TV antigen induced high levels of both humoral and cellular immune responses compared to either cocktail or antigen given alone. The result suggests that TV is highly immunogenic in mice and hence the combination needs to be evaluated for its prophylactic potential.
Introduction
Human lymphatic filariasis is a mosquito-borne parasitic disease caused mainly by Wuchereria bancrofti and Brugia malayi that remains the major cause of clinical morbidity in tropical and subtropical countries. It is known that Mass Drug Administration (MDA) is a method followed in many endemic areas to prevent transmission, thus significantly reducing the incidence rate of lymphatic filariasis in many parts of the world (Hotez 2009 ). Since yearly administration of the mass drug is required for effective control as there is lack or poor effect to MDA reported in several endemic regions (Babu and Mishra 2008 , El-Setouhy et al. 2007 , Horton 2009 , Schwab et al. 2007 , there is an alarming concern for preventing the emergence of drug resistant parasites. 'Hence, there needs to be an alternative strategy for the eradication of the disease'.
Vaccination is one of the strategies that must be considered in future for controlling and even complete eradication of infection (Chenthamarakshan et al. 1995 , Dissanayake et al. 1995 , Thirugnanam et al. 2007 . Filarial parasitic worms have complex life stages and produce large number of immunomodulatory molecules [such as the homologs of the mammalian cytokines, TGF-beta and migration inhibitory factor (MIF), cysteine protease inhibitors (cystatins), serine protease inhibitor, and abundant larval transcript antigens (ALT) ] to damage the host cells and survive in the hostile environment (Hoerauf et al. 2005) . Thus, a single antigen vaccine might not be sufficient to fight against these parasites which express an array of molecules to manipulate and evade the host immune system. Multivalent vaccines have been proved to be efficient in protection against the parasites, since it targets more than one vital protein needed for parasite survival that may include multiple stages. Our previous studies and other groups using fi-*Corresponding author: kaliraj55@yahoo.co Chimeric vaccine for lymphatic filariasis 469 larial antigens have proved convincingly that certain combination of antigens like ALT with venom allergen homologue (VAH) show enhanced protection in multiple mode compared to single mode vaccination (Anand et al. 2008 , Vanam et al. 2009 , Anand et al. 2011 , Dakshinamoorthy et al. 2012 . Hence, in the current study, B. malayi thioredoxin (BmTRX) and Venom Allergen Homologue (BmVAH), two potent filarial vaccine candidates were chosen to make a fusion protein construct designated as TV. Both are expressed predominantly in L3 infective stage and showed high protective efficacy in previous studies (Madhumathi et al. 2010 , Anand et al. 2011 . It has been proposed that L3 or infective larvae stage genes are attractive vaccine candidates that will establish the infection in the host (Gomez-Escobar et al. 2005) .
Thioredoxin (TRX), an antioxidant enzyme found in a spectrum of nematode species are critical for redox regulation of protein function and signalling (Chiumiento and Bruschi 2009) . It is constitutively expressed throughout the life cycle of the parasite, predominantly in L3 stage and has a possible role in parasite's immune evasion mechanism (Kunchithapautham et al. 2003) . The protective immunity was reported in schistosomiasis following vaccination with antioxidant enzyme against adult worms (LoVerde et al. 2004) . Recently our group (Madhumathi et al. 2010 ) studied the immunoprophylactic efficacy of BmTRX in Mastomys model, which conferred 63% protection against B. malayi infection. Venom Allergen Homologue (VAH) which belongs to the Ancylostoma Secreted Protein (ASP) family (Hawdon et al. 1996) , has been proven to be a promising vaccine candidate in experimental filariasis and preferentially recognized by sera from an EN population indicating a possible role in protective immunity (Gnanasekar et al. 2004) . Moreover, parasite challenge studies in jird with recombinant BmVAH (rBmVAH) elicited 60% protection and in multiple antigen vaccination mode rBmVAH conferred 80% protection along with rBmALT (Abundant Larval Transcript) (Anand et al. 2011) . Similar immunization experiment in jird (permissive model for filariasis) has shown a substantial mean reduction of 64% worm burden in BmVAH immunised group (Murray et al. 2001 ). In the present study, an attempt was made to improve the efficacy of multiple antigen vaccine by constructing a fusion gene consisting of BmTRX and BmVAH and expressed in E. coli. The two individual proteins, BmTRX and BmVAH, were also expressed and purified. The immunological responses of TV were compared with the individual proteins and a cocktail of both in mice model.
Materials and Methods

Cloning of BmTRX and BmVAH as a fusion (TV) construct
Overlap extension PCR technique was followed to produce the fusion construct. The BmTRX and BmVAH genes (GenBank accession no. AY117545 and AF334661) were amplified separately before constructing the fusion gene with the following primers. TRX Forward primer with NdeI restriction site, (5' GGGAATTCCATATGGCTGA TTTACTT GC-TAATATCGATTTGAAGAAAGCTGATGGTACAGTA AAGAAAGGAAGTGAT3'); and VAH-TRX Reverse, (5' TGGACATTCCAAACCCGCTGCTGCTAACCA 3'). The reverse primer contains the VAH N-terminal (around 15 bases) at the 5'end as a overlap region and the size of the amplified PCR product was 438 bp. Similarly the VAH gene was amplified with gene specific primers; TRX-VAH Forward: (5' TGGTTAGCAGCAG CGGGTTTGGAATGTCCA 3'); VAH Reverse primer with XhoI restriction site, (5' CTC GAGT-C AT T T T C TA C A C A AT C C A G AT T T T T T G G C A -CATTTCTTTGTGTTACAATCGCT ATCCGTTTTGCATG 3'). The Forward primer of VAH contains the C-terminal region (around 15bases) of TRX at the 5'end as an overlap region and size of the amplified product was 612 bp. The initial amplification was performed with Vent polymerase (Fermentas, MD, USA) enzyme to avoid the formation of poly-A tail.
Overlap Extension PCR
Followed by the initial amplification, the PCR products were estimated and equal amount of TRX and VAH product were used for the third PCR reaction, and run 10 cycles without primer using Pfu polymerase (Fermentas, MD, USA) enzyme. The fused PCR product was amplified with end primers using TRX Forward (with NdeI) and VAH reverse (with XhoI). The PCR conditions used for the construction of TV gene is represented in supplementary Table I . The fused purified product was cloned in pRSET B vector (Invitrogen, CA, USA).
Expression and purification of recombinant TV
TV gene was expressed in salt-inducible E. coli strain GJ1158. The culture was induced with 200 mM NaCl for 3 hrs at 0.6 OD 600nm and the expression was analyzed in 12% SDS-PAGE (Laemmli 1970) . The expressed recombinant protein was purified by gel electro-elution (Hager and Burgess 1980) and endotoxins from the purified samples were removed by passing the recombinant proteins through high capacity polymyxin B affinity columns (Thermo Fisher Scientific, Rockford, IL). The endotoxin levels in the final preparation were determined by Limulus Amebocyte Lysate (LAL) assay using LAL Chromogenic Endotoxin Quantitation Kit (Thermo Fisher Scientific, Rockford, IL) as per manufacturer's instructions and the results showed that the endotoxin levels were below detection limit (data not shown). Further the purified recombinant protein was confirmed by immunoblot (Towbin et al. 1979) . Mouse polyclonal antisera antibodies (1 : 4000 dilution) raised against TV, BmTRX and BmVAH were used as a primary antibody and alkaline phosphatase labelled goat anti-mouse antibody (Bangalore Genei, India) was used as secondary antibody for the analysis of immunoblot. The individual recombinant BmTRX and BmVAH proteins were expressed and purified as described earlier (Madhumathi et al. 2010 , Anand et al. 2007 .
Epitope prediction
The B and T cell epitopes of TV protein were predicted using Immune Epitope Database (IEDB) (Peters et al. 2005) which utilizes the physiochemical properties of protein like hydrophilicity, flexibility, surface probability, solvent accessibility, polarity, antigenicity and turns.
Immunization studies in mice
Six to eight weeks old male BALB/c (H-2d) mice were purchased from King Institute, Chennai, Tamilnadu, India. All the experiments were performed as per 'Indian Animal Ethics Committee' regulations. Five mice per group were immunized intraperitoneally with 30 μg of recombinant TRX, VAH, TV for single antigen vaccine and 15 μg of TRX + 15 μg of VAH for combination mode, along with an equal volume of alum (Sigma-Aldrich, Bangalore, India). Four booster doses were administered at weekly intervals. The blood samples were collected periodically after immunization and the sera was separated to check the antibody titer by ELISA.
Analysis of total IgG antibody and Isotype levels
Protein specific IgG levels in the sera were determined by ELISA. The 96-well microtiter plates (Nunc, Maxisorp, Nalge Nunc International, Denmark) were used and each wells were coated either with 100 ng of TV, TRX, VAH or for cocktail of antigens 50 ng of TRX and 50 ng of VAH proteins. The antigens were prepared in 100 μl of coating buffer and incubated over night at 4ºC. After washing and blocking with 5% skim milk powder, a serial dilution of antisera was carried out. The color was developed using p-nitrophenyl phosphate substrate (1 mg/ml) in substrate buffer (100 mM Tris-Cl, pH 9.5, 100 mM NaCl, 5 mM MgCl 2 ) and absorbance (OD) was read at 405 nm. For determining the antibody titer, the mean OD + 3SD (standard deviation) of the pre-immune serum was taken as cut off value. The highest dilution of the antiserum that showed an OD value above the cut off value was taken as the antibody titer. For determination of antibody isotypes, mice sera (1:100 dilution) from different immunization groups were incubated for 1 h at 37˚C, with respective proteins coated on ELISA plates. The IgG isotype binding was detected using secondary rabbit anti-mouse IgG specific for each subclass (Sigma-Aldrich, Bangalore, India) as per the manufacturer instructions. The absorbance was read at 405 nm.
T cell proliferation assay
Single cell suspension of spleen cells were prepared from both immunized and control mice on day 42 post immunization. Approximately 2 × 10 6 cells/ml suspended in RPMI1640 supplemented with 10% heat inactivated FBS, gentamycin (80 μg/ml) (Ranbaxy Laboratories, India), 25 mM HEPES (USB, Amersham Pharmacia, UK) and 2 mM glutamine (USB, Amersham Pharmacia, UK) was cultured in triplicate in 96-well plates. Cells cultured in triplicate wells were stimulated with TV, T+V, TRX and VAH antigens at varying concentrations (0.1, 1, 5 and 10 μg/well) and positive control Con A (1 μg/well). Wells with medium alone were used as unstimulated controls. Plates were then incubated at 37 ο C in a CO 2 incubator. After 72 hours, 3 H-Thymidine (0.5 μ Ci per well, Amersham Biosciences) was added to each well and further incubated. Cells were harvested 18 h later and 3 H-Thymidine uptake was measured in a liquid scintillation counter and expressed as stimulation index (SI) = (counts per min. of stimulated cultures/counts per min. of unstimulated cultures) ± SD.
Cytokine assay
The culture supernatants from antigen-stimulated spleen cells were collected after 72 hrs and tested for cytokines levels using sandwich ELISA for mouse IL-2, IL-4, IL-5, IL-10 and IFN-γ (E BioSciences, USA) as described by the manufacturer. Assay was performed in triplicates and the cytokine concentrations were calculated from standard curves and data expressed in pg/ml after subtracting the values of unstimulated culture.
Statistical analysis
All statistical analysis was done using graphpad prism software version 5. For multiple comparisons, Two-way ANOVA with Bonferroni post-test were performed. A probability (p) value < = 0.05 was considered statistically significant. 
Results
Cloning of TRX and VAH as a fusion gene
The chimeric gene (TV) in pRSET B vector was constructed and confirmed by PCR amplification using gene specific primers (Fig. 1a) . The plasmid DNA was extracted from the positive transformants and was analyzed by restriction digestion using NdeI and XhoI enzymes. The double digestion showed the 1050 bps insert confirming the presence of fusion gene (Fig. 1b) . Further, the clone was sequenced to confirm the orientation of both the proteins.
Expression and purification of recombinant TV
The recombinant TV protein was expressed at 39 kDa in E. coli when analysed in 12% SDS-PAGE (Fig. 2a) . Subsequently the expressed protein was purified by the electro-elution (Fig. 2c) and the immunoblot confirms the size of the protein (Fig. 2b, d, e) .
Epitope analysis of TV
The epitope analysis of TV by IEDB data base showed that the overlap region of TRX-VAH chimeric protein (TV) contains both B and T cell epitopes (Table I) . 
Analysis of antibody response
The total IgG antibodies were measured by ELISA and results showed significant antibody production against different antigens (TV, TRX+VAH, TRX, VAH) in the immunized groups compared with control. The antibody titers of all the sera collected periodically after immunization showed induction of peak titers on 35th day after immunization in all the animal groups (Fig. 3a) . Immunization with rTV elicited strong (P<0.001) antibody response with titer of 1,28,000 when com- The cytokine levels were measured in culture supernatants of spleen cells from mice immunized and stimulated in vitro with the corresponding antigen. Experiments were done in triplicate and the data is represented as mean concentration ± SD pared with cocktail mode TRX+VAH (50,000) or single antigen vaccine TRX (16,000) and VAH (50,000). IgG iostype analysis when coated with corresponding antigens showed that rTV antigen elicited predominantly IgG1 and IgG2b, whereas, TRX+VAH cocktail and TRX induced higher IgG1 response. VAH showed higher IgG2b levels followed by IgG1. VAH elicited balanced response of both IgG1 and IgG2b like TV (Fig. 3b) .
Isotype analysis was also carried out by coating TRX and using anti-TRX, anti-TV and anti-TRX+VAH sera as primary antibody. Similarly, the isotyping was done by coating VAH and using anti-VAH, anti-TV and anti-TRX+VAH sera as primary. The profile of TRX against TV sera showed significantly (P<0.001) high IgG1 and IgG2b response than with TRX sera (Fig. 3c) , whereas VAH antigen showed similar response with both anti-VAH and anti-TV sera (data not shown). The results show that immunization with the fusion protein TV elicits a mixed IgG1 and Ig2b isotypes against TRX while TRX immunized alone gives a predominant IgG1 isotype.
Splenocyte proliferation assay
The cellular immune responses induced in BALB/c mice by TV and the individual protein (TRX and VAH) as well as the cocktail (TRX+VAH) of both were studied by T cell proliferation assay (Fig. 4) . The spleen cells from the immunized mice were stimulated with respective antigen and also either alone or in cocktail produced significant proliferative response than alum immunized control mice. The maximum proliferation was obtained in 1 ug/ml concentration in all antigens. Among them, TV group showed significantly (P<0.001) high proliferation response for the respective antigen (SI 5.77 ± 0.39) and also for TRX (SI 4.68 ± 0.1) and VAH (SI 5.24 ± 0.34) antigens when compared with single antigen immunized spleen cells either TRX or VAH, stimulated with respective antigen (SI 2.54 ± 0.06 and SI 3.96 ± 0.08 respectively). Spleen cells from mice immunized with TRX+VAH as a cocktail mode showed lower proliferation response for TRX (SI 1.53 ± 0.07), VAH (SI 3.21 ± 0.09) or TRX+VAH (SI 2.94 ± 
Cytokine assay
The levels of the cytokines IL-2, IL-4, IL-5, IL-10, and IFN-γ were measured, from culture supernatant of mouse spleen cells stimulated with respective antigen (TV, TRX+VAH, TRX and VAH) and the results were represented in Table II . These results showed that significantly high levels of IL-4 (P<0.001), IL-5(P<0.001) and IFN-γ (P<0.001) were secreted by the spleen cells in response to rTV which showed the balance response induced by the antigen. Spleen cells stimulated with TRX+VAH as a cocktail mode and TRX as single antigen produced IFN-γ (P<0.001) indicating the Th1 biased response and the levels of IL-4, IL-5 were comparatively low. The VAH stimulated spleen cells secreted significant IL-5 (P<0.001) and IFN-γ (P<0.001) levels indicating the mixed Th1/Th2 response. The level of IL-10 was significantly low in all groups.
Discussion
Lymphatic filarial parasites are complex multicellular organisms which have evolved immune evasion strategies for the enduring survival in the hostile environment of host. The various drawbacks of chemotherapy necessitates the development of a filarial vaccine. The vaccine development for multifaceted parasitic infection such as lymphatic filariasis is of great challenge. The multivalent vaccine concept for the multi cellular organism is an attractive strategy for the development of a filarial vaccine with recent successes reported in many parasitic diseases like malaria, schistosomiasis and filariasis (Anand et al. 2011 , Samykutty et al. 2010 , Kalyanasundaram and Balumuri 2011 . In this regard testing different combinations of key vaccine candidates is imperative to improve the multiple antigen strategy since not all combinations work synergistically (Vanam et al. 2009 ). In the present study, an attempt was made to assess the combination of TRX and VAH and its efficacy as multiple antigen vaccine by constructing a chimeric gene of the antigens, expressed as a TRX-VAH fusion protein termed as TV. Their immune responses were analyzed in mice model and compared with individual proteins as well as a cocktail of both to assess their immunogenicity as usefulness as vaccine.
Most of the helminth parasites that cause chronic infections use antioxidant defence strategies for effective survival during oxidative stress by endogenous and host derived antioxidants. Filarial parasites counteract host response by releasing a number of secretory proteins that consist of selenium-independent glutathione peroxidases (GPX), thioredoxin peroxidases (TPX), and superoxide dismutase (SOD) (Henkle-Duhrsen and Kampkotter 2001). Parasite antioxidant enzymes offer an advantage over other vaccine candidates since they target adult worms also, which is the stage that is least susceptible to immune elimination. Mice immunized with SmCT-SOD and Sm-GPX antioxidants showed a significant level of worm burden reduction against S. mansoni cercariae challenge infection (LoVerde et al. 2004) and were suggested to play a role in host immune evasion (CarvalhoQueiroz et al. 2004 ). These antioxidant enzymes are known to require the thioredoxin system as a source of reducing equivalents to remain active. Moreover, thioredoxin (Madhumathi et al. 2010 ) and thioredoxin peroxidases (Anand et al. 2008 ) elicited significant protection in jird model and reported to be an important prophylactic target due to its potential role in parasite survival. Enhancing the immune responses of host against these antioxidant enzymes and redox regulation proteins has provided a way for effective clearance in our previous studies. The Venom Allergen Homologues (VAH/VAL) of filarial parasites are a novel class of proteins that are released by the infective stage larvae (L3) as a mark of transition towards maturation as they enter the definitive host (Murray et al. 2001) . VAH or sperm coating protein like protein (SCP) are part of the SCP family, expressed by a number of nematode parasites and reported to carry highly immunogenic proteins. Though the biological function of VAH protein is not fully understood, it is believed to play an important role in establishment and maintenance of infection followed by transition to parasitism (Hawdon et al. 1996) because of its abundance in the excretory-secretory (ES) product of L3 (infective) stage larvae. ASP-1 and ASP-2 (Ancylostoma Secreted Protein) proteins from Onchocerca volvulus have been shown to promote corneal angiogenesis when immunized in mice, signifying that VAH could have a potential role in the pathogenesis (Tawe et al. 2000) . BmVAH has been consistently showed to be effective as vaccine candidates as single as well as multiple antigen mode in lymphatic filariasis when challenged with B. malayi (Anand et al. 2007 , Anand et al. 2011 ). It appears to be vital for the survival of parasite in the host (Hawdon et al. 1996) and may have a potential role in immune evasion .
Hence, the antigens TRX and VAH were chosen as the possible combination to make the chimeric fusion antigenic construct (TV). Mice immunized with TV elicited high antibody titer of 1,28,000, whereas the cocktail of two antigens TRX +VAH or the individual antigens TRX and VAH showed poor antibody titers. Increase in antibody titer in multivalent mode of immunization has been observed for certain combinations of filarial antigens in earlier studies which shows an enhanced immunogenicity (Anand et al. 2011 , Vanam et al. 2009 ). Antibody dependent cell-mediated cytotoxicity (ADCC) is believed to be one of the principal immunological mechanisms for clearing circulating parasites and hence the higher antibody titers could be directly correlated with protective efficacy of the vaccine candidate (Lawrence 2001) .
The isotype antibody profile for TV immunized animals showed a balanced IgG1 and IgG2b response, while the mice immunized with cocktail mode (TRX+VAH) and TRX as a single antigen elicited significant levels of IgG1. There has been a shift in the antibody subtypes from IgG1 (Th2) to a balanced IgG1/IgG2b (Th1/Th2) which could be due to the fusion of VAH since immunization with VAH alone showed both IgG2b and IgG1. This suggests that the combination of antigen is key to vaccine design as one antigen can interfere with the immune responses of other antigen which has been observed in our previous studies also (Vanam et al. 2009 ).
T cells have also been shown to be important for host protection in murine infections with B. malayi and B. pahangi, however their precise role in host protection has not been definitively established (Babu et al. 1999 , Vincent et al. 1980 . Since filariasis represents a T cell hyporesponsiveness (Lawrence 2001), an antigen capable of inducing T cells response is advantageous when designing a vaccine. In splenocyte proliferation assay TV showed predominant proliferative response than other groups indicating an enhanced T cell response and hence its use as a possible candidate vaccine.
May lead the cytokine analysis showed that TV elicited increased production of IL-4, IL-5 and IFN-γ, triggering a balanced Th1 and Th2 response whereas the cocktail mode and individual antigens showed different cytokine profile. This suggests that the fusion protein probably represents a different epitome or different set of epitopes recognized by the T cells, thus triggering varied cytokine responses. The role of IL-4 and IL-5 cytokines in elimination of larval parasite has been demonstrated in Onchocerca volvulus infection in BALB/ cBYJ mice (Lange et al. 1994) . Similarly several recent studies in different animal models of filarial diseases have shown that Th1-type responses are also involved in the host protection against filarial infection and IFN-γ has been shown to be required for clearance of B. malayi in mice (Babu et al. 2000) . Thus the levels of both humoral and cellular immune response were higher in TV immunized group than in (TRX+VAH) cocktail group or in individual antigens. The differences in the immune responses could be due to the recognition of different epitopes by B and T cells. To analyze this possibility epitope prediction in individual and fusion proteins was carried out which showed different set of B and T epitopes as expected. Hence, immunization with TV antigen may lead to protective response against filarial parasite.
Similar results were obtained when mice immunized with MSP-Fu 24 and Pfs 25-28 fusion protein was studied against the development of malarial vaccine (Mazumdar et al. 2010 , Gozar et al. 1998 . Our results suggest that the efficacy of vaccine candidates could be enhanced by choosing the right candidate and the right combination. Also, the chimeric constructs of the key vaccine targets would be a novel strategy for improving their immune responses. However, this has to be tested for individual vaccine candidates and their protective efficacy needs to be evaluated.
